Recent studies have shown that the total nitrogen to total phosphorus (TN:TP) ratio and nitrogen oxidation state may have substantial effects on secondary metabolite (e.g., microcystins) production in cyanobacteria. We investigated the relationship between the water column TN:TP ratio and the cyanobacterial secondary metabolites geosmin, 2-methylisoborneol (MIB), and microcystin using multiple years of data from 4 reservoirs located in the Midwestern United States. We also examined the relationship between water column concentrations of chemically oxidized (NO 3 ) and reduced (NH 3 ) nitrogen, the NO 3 :NH 3 ratio, cyanobacterial biovolume, and associated secondary metabolites. We found that the cyanobacterial secondary metabolites geosmin, MIB, and microcystin primarily occurred when the TN:TP ratio was <30:1 (by mass), likely due to higher cyanobacterial biovolumes at lower TN:TP ratios. We also found that relative cyanobacterial biovolume was inversely related to the NO 3 :NH 3 ratio. Both N 2 -and non-N 2 -fixing cyanobacteria seemed to produce secondary metabolites and had higher concentrations per unit biovolume when NO 3 :NH 3 ratios were relatively low. Our data thus are consistent with the hypothesis that lower TN:TP ratios favor cyanobacterial dominance and also suggest that relatively low NO 3 :NH 3 ratios provide conditions that may favor the production of cyanobacterial secondary metabolites. Our data further suggest that increases in the absolute concentrations of TP or NH 3 (or both), causing decreases in TN:TP and NO 3 :NH 3 ratios, respectively, may stimulate cyanobacteria having the metabolic ability to produce geosmin, MIB, or microcystins. Future studies should address how the NO 3 :NH 3 ratio affects phytoplankton community structure and occurrence and production of cyanobacterial secondary metabolites.
Introduction
Cyanobacterial blooms are increasing globally because of multiple factors, including nutrient enrichment, increased surface water temperature, persistent organic pollutant loading, and longer water residence and stratification times (Paerl et al. 2011 , Schindler 2012 , Paerl and Otten 2013 , Harris and Smith 2016 . In conjunction with increases in the frequency and intensity of cyanobacterial blooms, the occurrence of associated toxic and nuisance secondary metabolites also seems to be increasing worldwide (Winter et al. 2011) . These cyanobacterial secondary metabolites include potent toxins (e.g., microcystins) capable of poisoning terrestrial and aquatic organisms (Stewart et al. 2008 , Wood et al. 2010 , Lurling and Faassen 2013 as well as compounds that cause taste and odor problems in drinking water supplies, such as geosmin and 2-methylisoborneol (MIB; Graham et al. 2010) .
The concentrations of cyanobacterial secondary metabolites in the water column depend on (1) the abundance of secondary metabolite-producing species and strains and (2) the quantity of secondary metabolites produced by the cells. In general, cyanobacterial abundance is considered to be in part dependent on the total nitrogen to total phosphorus (TN:TP) ratio, with dominance by cyanobacteria often greatest when the TN:TP ratio is low (<29:1 by mass; Smith 1983 , Graham et al. 2004 . In eutrophic systems where nutrients are not limiting, however, the TN:TP ratio is less predictive of cyanobacterial dominance (Paerl and Fulton 2006) ; thus, the absolute magnitude of nutrient supply rates and nutrient supply ratios are both important determinants of phytoplankton community structure.
Recent research also has shown that nitrogen forms (nitrate, ammonium, or urea) may influence the abundance of cyanobacteria capable of producing nitrogen-rich microcystins (for simplicity, all microcystin structural variants will be referred to here as microcystin; Finlay et al. 2010 , Donald et al. 2011 , Monchamp et al. 2014 , Beversdorf et al. 2015 . Whether the oxidation state of nitrogen has an effect on carbon-rich cyanobacterial secondary metabolites such as geosmin and MIB has rarely been examined in empirical or experimental studies. Because the chemical form of inorganic nitrogen (i.e., oxidized nitrogen [NO 3 ] vs. reduced nitrogen [NH 3 ]) has different cellular energetic costs and assimilation rates for different phytoplankton taxa (Flores and Herrero 2005) , the proportion of oxidized to reduced nitrogen (the NO 3 :NH 3 ratio) may cause differences in phytoplankton community structure (Riegman et al. 1992 , Hallegraeff 1993 , Riegman 1995 , McCarthy et al. 2009 , Glibert et al. 2016 . Such cellular preferences for nitrogen oxidation state thus may in turn influence the abundance of cyanobacteria capable of producing toxic and nuisance secondary metabolites.
The synthesis of secondary metabolites by primary producers in terrestrial, aquatic, and arid desert ecosystems has been consistently shown to depend on the relative proportions of carbon and nutrients (Downing et al. 2005 , Reich et al. 2006 , Van de Waal et al. 2009 , 2014 , Downing et al. 2015 . The regulation of carbon-and nitrogen-rich toxic secondary metabolites in phytoplankton was shown to depend on water column nutrient proportions (Granéli and Flynn 2006 , Van de Waal et al. 2014 , Beversdorf et al. 2015 . More specifically, nitrogen limitation caused a decrease in the synthesis of nitrogenrich toxins (including microcystin), and the production of these toxins was observed to increase with increases in intracellular N:P ratios. Synthesis of carbon-rich toxins increased under both nitrogen and phosphorus limitation and showed a V-shaped pattern in response to cellular N:P ratios (Granéli et al. 1998 , Granéli and Flynn 2006 , Van de Waal et al. 2014 . Thus, the synthesis of secondary metabolites that contain nitrogen seems to be favored when nitrogen availability is relatively high, whereas the synthesis of carbon-rich secondary metabolites is favored when the availability of nitrogen is relatively low (i.e., when carbon availability is high). Little is known, however, about the impact of chemical nitrogen forms on the synthesis of nitrogen-and carbon-rich secondary metabolites, particularly in cyanobacteria.
The ratio of oxidized nitrogen (nitrate and nitrite) to reduced nitrogen (ammonia and ammonium) has important implications for the growth rate, mineral composition, and production of carbon-rich organic compounds in photosynthetic organisms (Warncke and Barber 1973 , Johnson et al. 1984 , Praveen et al. 2011 . For example, the nitrate to ammonium ratio (NO 3 :NH 4 ) plays a role in the formation of oxalic acid in terrestrial plants, with decreasing NO 3 :NH 4 ratios causing decreases in oxalic acid concentrations (Palaniswamy et al. 2004 , Zhang et al. 2005 , Fontana et al. 2006 . Furthermore, increases in the NO3:NH 4 ratio caused increases in shikonin and betacyanins, whereas decreases in the NO 3 :NH 4 ratio caused increases in berberine and ubiquinone, indicating that the synthesis of metabolites in terrestrial plant taxa may be modulated by the oxidized:reduced nitrogen ratio (Fujita et al. 1981 , Nakagawa et al. 1984 , Ramachandra Rao and Ravishankar 2002 .
The synthesis of metabolites by phytoplankton, including cyanobacteria, also has been shown to be affected by the oxidized:reduced nitrogen ratio. In marine environments, for example, the NO 3 :NH 4 ratio affected the formation of algal colonies and the production of alkenones and may have altered the species composition of nuisance algal blooms (Riegman et al. 1992 , Harada et al. 2003 . Additionally, a study by Leong et al. (2004) showed that experimental additions of NH 4 (thereby decreasing the NO 3 :NH 4 ratio) resulted in higher cellular quotas of the nitrogen-rich saxitoxin than additions of nitrate in cultures of the marine dinoflagellate Alexandrium tamarense. Furthermore, studies of freshwater phytoplankton have shown that cyanobacteria have low competitiveness for nitrate and high competitiveness for ammonium relative to other taxa (Blomqvist et al. 1994 , Hyenstrand et al. 1998 , McCarthy et al. 2009 ). To our knowledge, however, no study has explored whether the NO 3 :NH 3 ratio plays a role in the occurrence or magnitude of secondary metabolites produced by cyanobacteria in freshwater ecosystems. Effects of nitrogen to phosphorus and nitrate to ammonia ratios on cyanobacterial metabolite concentrations Inland Waters (2016) 6, pp.199-210
We investigated how total nutrients (TN, TP, TN:TP) and nitrogen speciation (NO 3 , NH 3 , and the NO 3 :NH 3 ratio) affected the occurrence and abundance of cyanobacteria as well as the concentrations of a toxin (microcystin) and 2 nuisance cyanobacterial secondary metabolites (geosmin and MIB) using a multi-year dataset from 4 eutrophic reservoirs in the Midwestern United States. Additionally, we examined the composition of N 2 -fixing (all potential N 2 -fixing cyanobacteria referred to as N 2 -fixers hereafter) and non-N 2 -fixing cyanobacteria relative to nitrogen speciation and cyanobacterial secondary metabolites. Specifically, we tested the hypothesis that relatively low NO 3 :NH 3 ratios favored relatively high metabolite concentrations per N 2 -and non-N 2 -fixer biovolume compared to relatively high NO 3 :NH 3 ratios.
Study sites
Data from 4 Midwestern United States reservoirs were used because monitoring studies of each reservoir provided long-term (>2 years) data on geosmin, MIB, and , respectively; land use in each watershed is primarily (60, 77, and 60%, respectively) agricultural (Song et al. 2012) . All 4 reservoirs are eutrophic to hypereutrophic, with mean TP concentrations ranging from 0.06 to 0.14 mg/L and mean TN concentrations ranging from 0.9 to 4.1 mg/L (Song et al. 2012 , Stone et al. 2013 ). From August 2004 through December 2012, integrated photic zone samples were collected using a check-valve bailer. The photic zone was defined as the vertical area through the water column to a depth where light is ~1% of that at the surface. Integrated photic zone samples were collected in Eagle Creek, Geist, and Morse reservoirs from a single site near the dam at monthly or twice per month intervals during April through November 2008-2010. Samples were collected using a Van Dorn sampler throughout the photic zone, which was estimated using the empirical formula Z photic = 2.7 × Z S , where Z photic = the depth of the photic zone and Z S = Secchi depth (Tedesco and Clercin 2011) .
Methods

Data collection and laboratory analyses
To determine concentrations of TN, TP, NO 3 -N, and NH 3 -N (NO 3 -N and NH 3 -N referred to as NO 3 and NH 3 , respectively, hereafter), water samples were analyzed following Environmental Protection Agency (O'Dell 1993 , Pfaff 1993 or Standard Methods (APHA 2005 ; see Supplemental Table S1 for specific methods used) for all reservoirs. All nutrient ratios were calculated by mass. Additionally, samples were analyzed for geosmin, MIB, microcystin, and phytoplankton identification, enumeration, and biovolume. To determine geosmin and MIB concentrations, solid phase microextraction gas chromatography/mass spectrometry was used following methods of Zimmerman et al. (2002) and APHA (2005) Method 6040D. Congener-independent total microcystin concentration was analyzed via Abraxis enzyme-linked immunosorbent assays (ELISA) using manufacturer methods (Abraxis LLC, PA, USA). There were multiple limits of detection for geosmin and MIB ranging from 1 to 5 ng/L because analytical techniques improved during the course of this study. All values below the limit of detection were set to half the limit of detection for statistical analyses (Manly 2008) ; values for the limits of detection and the number of samples set to half the limit of detection for geosmin, MIB, microcystin, NO 3 , and NH 3 were documented (Supplemental Table S1 ). Phytoplankton from Cheney Reservoir were identified and enumerated using a compound microscope and membrane-filtered slides (McNabb 1960). As per Lund et al. (1958) , a minimum of 400 natural units were counted from each sample, providing accuracy within 90% confidence limits. Membrane-filtered slides were counted at 630× and 400× magnification to ensure complete species reporting. Biovolume calculations were based on Hillebrand et al. (1999) ; further information is provided in Beaver et al. (2014) . Phytoplankton from Eagle Creek, Geist, and Morse reservoirs were enumerated using a Nageotte counting chamber (50 µL), which is efficient at mitigating the flotation of gasvacuolated cyanobacteria (Brient et al. 2008) . Identification of the algal taxa was carried out at 200× and 400× magnification. As reported for Cheney Reservoir, a minimum of 400 natural units were counted for each sample to fall within the 90% confidence interval. Biovolume was determined using the methods of Hillebrand et al. (1999) and Sun and Liu (2003) .
Data and statistical analyses
To determine if low NO 3 :NH 3 ratios favored metaboliteproducing cyanobacteria, box plots were constructed where metabolite per biovolume data above and below the median NO 3 :NH 3 ratio (5) were compared. The median NO 3 :NH 3 ratio value was used as a threshold so that compared datasets had a similar (within 5) number of data points. Statistically significant differences (p < 0.05) between data above and below the median of NO 3 :NH 3 ratios were determined using nonparametric Wilcoxson rank-sum tests. Multivariate relations between water quality parameters (TN, TP, TN:TP, NO 3 , NH 3 , NO 3 :NH 3 ), cyanobacteria, and cyanobacterial secondary metabolites were determined using principal components analysis (PCA) as described by Kuhn and Johnson (2013) . Because changes in TN:TP or NO 3 :NH 3 ratios should affect phytoplankton community composition, they were used as explanatory variables in analyses of relative cyanobacteria biovolume; by contrast, TN, TP, NO 3 , and NH 3 were used as explanatory variables in analyses of absolute cyanobacteria biovolume. Cyanobacteria were classified as N 2 -or non-N 2 -fixers as per Paerl and Fulton (2006) and Tomitani et al. (2006; see Supplemental Table S2 for a list of all observed cyanobacteria that were categorized as N 2 -fixers). Metabolites were normalized to biovolume by dividing the metabolite concentration by N 2 -fixer and non-N 2 -fixer biovolumes. All statistics were run using R 3.0.1 (R Core Team 2014). Relative cyanobacterial biovolume temporally increased as NO 3 :NH 3 ratios decreased in all 4 study reservoirs ( Fig. 1a-d) . A similar trend occurred when relative cyanobacterial biovolume was compared to TN:TP (Supplemental Fig. S1 ). With the exception of one occurrence of a high (>50 ng/L) MIB concentration, the highest secondary metabolite concentrations occurred when TN:TP (Fig. 2a-c) and NO 3 :NH 3 ratios were relatively low (i.e., generally <30 for our study reservoirs; Fig. 2d-f) . Geosmin, MIB, microcystin, (Fig. 3a-c) and absolute cyanobacterial biovolume (Supplemental Fig.  S2 ), but not relative cyanobacterial biovolume (Fig. 3d) , seemed to have a nonlinear association with the TN:TP and NO 3 :NH 3 ratios (Fig. 3e-h) . Microcystin, geosmin, and MIB per N 2 -and non-N 2 -fixer biovolume were significantly higher when NO 3 :NH 3 ratios were less than the median (NO 3 :NH 3 = 5) compared to when NO 3 :NH 3 ratios were greater than the median (Fig. 4) . A similar statistically significant result occurred when the average NO 3 :NH 3 ratio (28.5) was used as a threshold instead of the median (data not shown).
The PCA analysis clearly defined patterns between nutrient concentrations and ratios and secondary metabolites. In PCA biplots, variables with strong positive correlations are close together, whereas strong negative correlations are shown in opposite directions in ordination space. Our PCA analysis indicated that the TN:TP and NO 3 :NH 3 ratios were closely related (Fig. 5a) , primarily due to strong correlations between TN and NO 3 , and TP and NH 3 (Fig. 5b) . Relative and absolute cyanobacterial biovolume variables were clustered with cyanobacterial secondary metabolites when both absolute nutrient concentrations and nutrient ratios were examined ( Fig. 5a and  b) . Relatively high amounts of secondary metabolite per N 2 -fixer and non-N 2 -fixer cyanobacterial biovolume were negatively correlated with TN:TP and NO 3 :NH 3 ratios; however, secondary metabolite per N 2 -fixer biovolume formed a distinctly different cluster than secondary metabolite per non-N 2 -fixer biovolume (Fig. 5c) . A similar pattern formed when absolute nutrient concentrations were examined instead of nutrient ratios but showed that high concentrations of secondary metabolite per non-N 2 -fixer biovolume were highly correlated with NH 3 , and both secondary metabolite per N 2 -and non-N 2 -fixer biovolume were comparably correlated with TP (Fig. 5d) . bacterial species or strains that can produce the 3 toxic or taste-and-odor secondary metabolites studied here.
Resource competition between cyanobacteria and eukaryotic phytoplankton for chemically oxidized and reduced nitrogen forms may be why relative cyanobacterial biovolume increased as the NO 3 :NH 3 ratio decreased. Cyanobacteria, especially non-N 2 -fixing taxa, are superior competitors for reduced nitrogen forms compared to eukaryotic algae (Blomqvist et al. 1994 , Hyenstrand et al. 1998 , McCarthy et al. 2009 ) and possibly other bacteria (McCarthy et al. 2013 ). For example, Blomqvist et al. (1994) showed that non-N 2 -fixing cyanobacteria were favored when NO 3 was depleted but NH 4 was simultaneously supplied or recycled at a sufficient rate for phytoplankton growth. Jacoby et al. (2000) and Chaffin et al. (2011) also found these conditions promoted non-N 2 -fixing (Microcystis sp.) cyanobacterial blooms in Northwestern US lakes and Lake Erie, respectively. Moreover, McCarthy et al. (2009) showed that as the NO 3 :NH 4 ratio decreased, diatom abundance decreased while cyanobacterial abundance increased. The inverse relation between the NO 3 :NH 4 ratio and cyanobacterial abundance was likely because nitrate/nitrite reductase is used more efficiently by eukaryotes than prokaryotes, whereas prokaryotes assimilate reduced nitrogen forms more efficiently than eukaryotes (Blomqvist et al. 1994 , Donald et al. 2011 . This relationship may also explain why cyanobacteria contributed the highest proportion to the overall phytoplankton community when NO 3 :NH 3 ratios were low in our study reservoirs (Fig. 1a-d) . Decreases in the NO 3 :NH 3 ratio may therefore be an indicator of cyanobacterial proliferation, especially non-N 2 -fixing taxa, in eutrophic systems.
Cyanobacteria producing the nitrogen-rich secondary metabolite microcystin seemed to be favored at relatively low NO 3 :NH 3 ratios ( Fig. 3g and 4) , possibly due to differences in cellular energetic costs and assimilation time associated with oxidized and reduced nitrogen forms. Chemically, reduced nitrogen forms are preferred by cyanobacteria because they do not require the use (or energetic cost) of nitrate or nitrite reductase (Flores and Herrero 2005) ; therefore, the assimilation time for reduced nitrogen forms is less than that for oxidized forms (Dortch 1990 ). Thus, increases in water column concentrations of reduced nitrogen forms likely cause cellular nitrogen to build up more efficiently than when oxidized nitrogen forms are the predominant source of bioavailable nitrogen. This, in turn, may favor the synthesis of nitrogen-rich microcystins, and thereby perhaps also the cyanobacterial strains capable of producing these compounds.
Cyanobacteria producing geosmin and MIB also seemed to be favored at relatively low NO 3 :NH 3 ratios (Fig. 3e, 3f, and 4) . A decrease in cellular energetics when Additionally, the absolute concentrations of TP and NH 3 were positively correlated whereas TN and NO 3 were negatively correlated with both secondary metabolite per N 2 -fixer and non-N 2 -fixer biovolume. The highest secondary metabolite concentrations per N 2 -fixer biovolume occurred when NO 3 and NH 3 concentrations were near their limit of detection (and at low NO 3 :NH 3 ratios). The highest secondary metabolite concentrations per non-N 2 -fixer biovolume were found when NO 3 was near its limit of detection, concurrent with analytically measurable concentrations of NH 3 . Thus, in general, the secondary metabolites studied here had the highest occurrence and concentration at relatively low TN:TP and NO 3 :NH 3 ratios, with TP and NH 3 seeming to influence secondary metabolites more than TN or NO 3 , especially for non-N 2 -fixers.
Discussion
Our empirical data showed that both cyanobacterial biovolume and the concentrations of 3 common cyanobacterial secondary metabolites were highest when TN:TP ratios were relatively low (Fig. 2a-c and 3a-c) . This finding suggests that the concentrations of cyanobacterial secondary metabolites likely increased as TN:TP ratio decreased because cyanobacteria also increased as the TN:TP ratio decreased (Supplemental Fig. S1 and S2 ; Smith 1983) in the 4 systems studied here. This trend resembles those observed in other experimental and empirical studies (Graham et al. 2004 , Orihel et al. 2012 , Harris et al. 2014 . When TN:TP ratios were low enough to favor dominance by cyanobacteria, relatively low NO 3 :NH 3 ratios (primarily caused by increases in NH 3; Fig. 5d ) generally seemed to (1) favor cyanobacteria and (2) favor the growth of cyanobacterial strains capable of secondary metabolite synthesis, and/or increase synthesis of secondary metabolites by capable cyanobacteria (Fig.  4) , especially for non-N 2 -fixing cyanobacteria (Fig. 5c-d) . Specifically, N 2 -fixing cyanobacteria seemed to produce the monitored secondary metabolites when absolute concentrations of both NO 3 and NH 3 were relatively low, suggesting that N 2 -fixing cyanobacteria are favored when the availability of dissolved inorganic nitrogen is low. Non-N 2 -fixing cyanobacteria seemed to be favored and produced secondary metabolites when NO 3 was low and NH 3 was still measurable, indicating that reduced nitrogen forms possibly influence non-N 2 -fixing cyanobacteria, especially those that can produce the investigated secondary metabolites, more than oxidized forms (Finlay et al. 2010 , Donald et al. 2011 ). We thus hypothesize that when the TN:TP ratio is low enough to favor cyanobacteria, the presence of bioavailable reduced nitrogen forms results in low NO 3 :NH 3 ratios that seem to favor cyano-Effects of nitrogen to phosphorus and nitrate to ammonia ratios on cyanobacterial metabolite concentrations Inland Waters (2016) 6, pp.199-210 switching from oxidized to reduced nitrogen forms may allow reallocation of energy from reducing oxidized nitrogen forms to building carbon-containing compounds, a possible explanation for low NO 3 :NH 3 ratios favoring carbon-rich secondary metabolites. Alternatively, because secondary metabolite concentrations were significantly larger at relatively low NO 3 :NH 3 ratios (Fig. 4) , our data could suggest that secondary metabolite-producing cyanobacteria strains have an advantage over non-metaboliteproducing cyanobacteria strains when NO 3 :NH 3 ratios are relatively low. Thus, the proportion of secondary metabolite-producing strains may increase within the phytoplankton community when NO 3 :NH 3 ratios are relatively low, ultimately causing a larger concentration of secondary metabolites within the water column. Overall, our data suggest that changes in nitrogen oxidation state and/or absolute concentration may indicate conditions that favor the occurrence of carbon-rich secondary metabolites like geosmin and MIB.
Field studies have indicated that chemical nitrogen forms affect carbon-and nitrogen-rich secondary metabolite occurrence. For example, increases in nitrogen, specifically reduced nitrogen forms (i.e., NH 3 ), have been linked to increases in geosmin and MIB concentrations in reservoir and river systems (Lind and Katzif 1988, Uwins et al. 2007 ). Similarly, experimental mesocosm studies have shown increases in microcystin concentrations with the addition of reduced nitrogen forms (i.e., NH 3 and urea; Finlay et al. 2010 , Donald et al. 2011 , Bogard et al. 2012 . Combined with our study, it thus seems that the chemical form of nitrogen could potentially play an important role in cyanobacterial secondary metabolite production and their occurrence in surface waters, either directly through effects on metabolic processes and/or indirectly by favoring secondary metabolite-producing strains.
Overall, our study shows that the NO 3 :NH 3 ratio may potentially affect, or at least be indicative of, conditions that favor changes in the phytoplankton community structure and in the production and occurrence of secondary cyanobacterial metabolites in surface waters. Although our study cannot specifically address whether the NO 3 :NH 3 ratio is causally linked to metabolite-producing cyanobacteria, relatively low NO 3 :NH 3 ratios may be predictive of conditions that favor metabolite-producing cyanobacterial blooms (Fig. 4) ; therefore, the NO 3 :NH 3 ratio merits further research. Given that geosmin, MIB, and microcystin production also can be affected by multiple additional environmental variables, such as temperature, light, and pH (Wu and Jüttner 1988 , Rashash et al. 1995 , Zhang et al. 2009 ), future studies need to address how other variables, combined with the NO 3 :NH 3 ratio, affect cyanobacterial secondary metabolite production and occurrence.
Irrespective of other environmental factors, however, our data suggest that nitrogen forms and nutrient ratios can be linked to distinctive changes in secondary metabolite concentrations and correlate to the amount of secondary metabolite per cyanobacterial biovolume. Nonetheless, our results must be further explored to confirm mechanistic relationships between TN:TP and NO 3 :NH 3 ratios, cyanobacteria biovolumes, and secondary metabolite production. Additionally, future studies also will be needed to address whether other bacterial taxa capable of producing geosmin and MIB (e.g., actinomycetes) are affected by the NO 3 :NH 3 ratio. Although these studies need to occur before the NO 3 :NH 3 ratio can be used by water managers as a predictor variable for secondary metabolite-producing cyanobacterial blooms, the findings of our study have important implications.
We suggest that because the risk of observing high microcystin concentrations in the water column increases as the TN:TP ratio decreases (Orihel et al. 2012 , Harris et al. 2014 , simultaneous increases in chemically reduced nitrogen forms (NH 3 and urea) and phosphorus may cause similar TN:TP ratios but lower NO 3 :NH 3 ratios; this cascade of events could in turn cause increases in secondary metabolite-producing cyanobacterial blooms in waterbodies with low TN:TP ratios (i.e., typically already phosphorus rich systems; Bogard et al. 2012 , Donald et al. 2013 . We thus conclude that concurrent decreases in the TN:TP and NO 3 :NH 3 ratios have the potential to create conditions that favor increases in toxic and taste-and-odor causing cyanobacterial blooms.
